Descriptor number: 6.1 Air Pollution: Epidemiology
INTRODUCTION
A considerable body of research has shown adverse effects of long-term exposure to ambient air pollution on children's respiratory health (1) (2) (3) (4) (5) (6) (7) . However, the evidence on lung function effects appears inconsistent as some of the larger studies reported no associations (8, 9) .
Heterogeneity in study designs, exposure assessment, as well as spirometric measures used across the studies may have contributed to the different results (10) . Furthermore, the impact of air pollution on lung function development in the context of concomitant respiratory symptoms and sensitization has attained only limited consideration in prospective studies. The Children's Health Study from California showed associations between community-average pollutant concentrations and diminished lung function development in children aged 10 to 18 years (11) . The observed effect remained statistically significant in the subgroup of nonasthmatics, but the asthmatic children were too few for precise risk estimation. A birth cohort study from Oslo indicated stronger air pollution effects in asthmatic children compared with non-asthmatics. However, because of wide confidence intervals the findings have to be interpreted with caution (1) . Studies have demonstrated associations between traffic-related air pollution and sensitization (12) (13) (14) (15) (16) ), but to our knowledge, no prospective study has evaluated effect modification by sensitization status on lung function effects related to air pollution exposure.
Early exposure to ambient air pollution appears to be important for respiratory effects in later life (6, (17) (18) (19) . However, only one prospective study has investigated different aspects of timing of traffic-related air pollution exposure in relation to lung function (1) . Recent data show that alveoli are formed not only during early postnatal period, but also throughout childhood and adolescence (20) , which may contribute to age related vulnerability. In addition, effects of both long-and short-term air pollution exposure have generally not been considered in the same study. In the two cohort studies that included short-and long-term exposure simultaneously, only the long-term effect remained significant after adjustments (1, 11) . There is a need for additional epidemiological evidence on vulnerable time periods for air pollution exposure, particularly during childhood, as well as on effect modification by shortterm exposure.
We have previously reported an association between exposure to traffic-related air pollution during the first year of life and lower peak expiratory flow at age 4 years in a Swedish birth cohort BAMSE (Children, Allergy, Milieu, Stockholm, Epidemiological Survey) (12) . In the present study from the same cohort, lung function data from extended follow-up to 8 years are analyzed together with effect modification by sex, allergic sensitization and asthma. Furthermore, assessment of several time windows enabled evaluation of critical time periods of increased susceptibility to the adverse effects of air pollution exposure. Some of the results from this study have been previously reported in the form of an abstract (21) .
MATERIALS AND METHODS
More details are provided in the online data supplement.
Study Subjects and measurements
During 1994 -1996, 4089 new-born infants were recruited to the prospective cohort study BAMSE from four municipalities in Stockholm County. A detailed description of the study design, enrolment criteria and procedures for data collection is provided elsewhere (22) .
Briefly, data on background characteristics were requested in a questionnaire at baseline (median child age -2 months). Questionnaires focusing on the children's respiratory health and allergic diseases, as well as on various exposures factors were completed at 1, 2, 4 and 8 years of age. The response rates were from 96% to 84%, for the 1 and 8 year questionnaires, respectively. In addition, 2630 children (64% of the original cohort) attended a clinical examination at age 8 years including maximum expiratory flow volume tests and blood sampling. Moving out of the study area and unwillingness to participate were the main reasons for drop out from the clinical follow-up. The maximal values of forced vital capacity (FVC), forced expiratory volume in 1 sec (FEV₁), and forced expiratory volume in 0.5 sec (FEV₀ . ₅) were used for analysis. In addition, we computed FEV below 80% and 85% of the predicted value based on the present study population and using age, gender, height and weight as predictors. Also, standard deviation scores for FEV 1 were calculated taking age, sex, height and ethnicity into consideration (23). The Ethics Committee of Karolinska Institutet, Stockholm, Sweden, approved the study.
The methodology for calculating individual long-term exposure to local traffic-related PM 10 , as well as NO x has been described in detail elsewhere (13) . In short, the life-time residential, day care and school addresses were geocoded, and time-weighted average outdoor levels for the different time windows were calculated using emission inventories and a Gaussian air dispersion model. In addition, short-term exposure was estimated using daily air quality measurements and meteorological data from urban background and rural monitoring stations.
Statistical analyses
Associations between air pollution and lung function were analyzed using linear regression and results are presented as β-values and 95% confidence intervals (CIs A total of 1924 subjects (47%) were included in the analyses with information on exposure, confounders and lung function measurements. All analyses were performed with STATA 11 software package (College Station, TX, USA). (Table 3 ). However, the apparent effect modification was not statistically significant (p=0.35, 0.13 and 0.69, respectively). No association was seen between sensitization per se and the lung function measurements (data not shown).
RESULTS
We also analyzed effects at less than 80%, as well as 85% of predicted FEV 1 and FEV 0. Additional adjustment for temperature, relative humidity, ozone and PM 10 levels during three-to-seven days before each child's pulmonary function test showed little effect on the estimates of the long-term effects of air pollution (Table E1 in the online data supplement).
Results using traffic-NO x as exposure indicator were consistent with those using traffic- 
DISCUSSION
In this prospective birth cohort study, exposure to traffic-related air pollution during infancy was associated with a decreased lung function in children at 8 years of age. There was a tendency towards stronger effects in boys, in those with asthma and particularly in those sensitized to allergens. No significant impact of short-term air pollution exposure on the estimates of the long-term effects of air pollution was found. Our results are in general concordance with the findings from the Children's Health Study in Southern California (3, 11) and from the Oslo Birth Cohort (1) which indicated that exposure to pollution from traffic has adverse effects on children's lung function development. Several studies did not find any effect of air pollution on the pulmonary function which might in part be attributable to their cross-sectional design, as well as less refined exposure assessment (8, 9) .
It has been shown that children are particularly susceptible to the adverse effects of air pollution and environmental tobacco smoke and that timing of exposure plays a critical role (1, 6, 12, 13, 19, 24, 25) . Prenatal exposure and during infancy appear particularly harmful.
Children may also be more exposed to many air pollutants compared to adults because of their higher ventilation per minute in relation to body size and often higher physical activity.
In addition, the development of mature systemic immune responses during early childhood could be of importance (26). Our findings provide further support that early life exposure has long-lasting impact on the lung function development.
We mainly found effects on FEV 1 and FEV 0.5, which reflect the mechanical properties of the airways and not as much on FVC, representing lung size. This is in line with the Californian health study (3, 11) and the Oslo cohort findings (1), even though the Californian study found the largest effect on midexpiratory flow, MMEF, possibly more representing the bronchioles. Differences in effects on lung function variabels from air pollution might partly be explained by the mixture of components in traffic related emission. We have in our study focused on PM 10 as exposure estimate, which in Stockholm is primarly influenced by coarse particles (>2,5 µm), although it also contains fine and ultrafine particles. Our results are in general agreement with the other studies considering that levels of smaller particles, such as PM 2.5, correlate to PM 10 and are also supported by our findings for traffic-NO x , which correlate with fine particulate emissions from motor vehicles .
From an individual perspective the estimated effect on lung function seen in our study is rather small (-3,3% for FEV 1 and -4.7% for FEV 0.5 ), but even a slight shift in the population distribution of lung function can substantially increase the prevalence of subjects exhibiting respiratory function below clinical thresholds. In our study this is indicated by the sharply increased risks of having a lung function below 80 and 85% of predicted. The cut point 80%
of predicted was chosen because it is generally used in clinical settings to identify persons who are at increased risk for adverse respiratory effects. However few children were identified with this lung function reduction and 85% of predicted was also used, but the results remained similar. Our analyses were internally adjusted for age, height and sex but results were consistent also when the lung function analyses were based on external reference data using standard deviation scores (23).
We also investigated the effect modification by including interaction terms with gender, current asthma and allergic sensitization. Although the interactions were not statistically significant, there was a tendency for a stronger effect on lung function in subjects sensitized to common allergens. We have earlier shown in this cohort that air pollution exposure during the first year of life is associated with sensitization at 4 years of age (12, 13) , but not at 8 showed, however, little influence of short-term exposure on the effect estimates for long-term exposure on lung function. Similar findings were reported from CHS and Oslo cohort (1, 11).
Our study has several advantages, including its combination of a prospective design, large number of participants, individual long-term exposure to air pollutants (incorporating their time-activity patterns), objective measurement of lung function, evaluation of effect modification by gender, asthma or increased IgE levels to common allergens, as well as influence of the short-term variation in air pollution exposure. In particular, the exposure estimates for each study subject were obtained from a time-and space-resolved dispersion model enhanced by addition of street canyon contribution for addresses in the most polluted street segments, as well as by including not only residential addresses but also addresses of day care and schools.
Some potential weaknesses of this study should be recognized. One is that model calculations of PM 10 concentrations were only done for 2004 and extrapolated to the other years of follow-up. The most important local source of PM 10 in many urban areas in Sweden is coarse particles resulting from road surface erosion by cars with studded tires and sanding/salting of roads in the winter (32) . Due to the stable use of studded tires in the Stockholm area during the study period, as well as traffic load in the inner city, the emissions of PM 10 have not changed substantially (33) . Road moisture has a crucial impact on the yearly variations of PM 10 concentrations. However, this could not be taken into consideration because of lack of relevant data (32). On the other hand, several validation studies have shown good agreement between modeled and measured air pollution concentrations (34, 35) .
Results were supported by analyses using traffic-NO x as indicator, where the exposure assessment was based on dispersion modeling at repeated occasions during the observation period (13) . This is expected because of the high correlation between the two exposure measures.
Some misclassification of true individual exposure levels has probably affected the results, especially since no indoor environments were characterized and no individual timeactivity data was used. However, the errors in the assessments of both exposure and disease are most likely to be independent and making such misclassification would thus be expected to weaken any true associations. Imprecision in the lung function measurements primarily results from its dependence on the children's cooperation. However, because one trained team examined all the children using the same equipment and method of measuring, blinded to the exposure, such bias is likely unimportant. Selective participation is probably of limited concern as subjects in air pollution studies are generally unaware of their precise level of exposure, and lung function is objectively evaluated (36) . We tested a comprehensive set of known risk factors for childhood respiratory disorders with regard to possible confounding effects, including socioeconomic status, home environment characteristics, maternal smoking etc, but none except those included in the models showed clear confounding effect. Still, the possibility of residual confounding cannot be ruled out.
To conclude, our results indicate that exposure to ambient air pollution from traffic during the first year of life is associated with lung function deficits in children up to 8 years, particularly in those sensitized to common allergens.
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Therefore, a street canyon contribution was calculated for addresses in the most polluted streets in the Stockholm inner city flanked by buildings on both sides and with high levels of air pollutants, using the Airviro street canyon model (http://airviro.smhi.se). To define which streets that should be considered as highly polluted we used already existing street canyon model calculations of NO 2 for the year 2006. Streets where the 98 th percentile of the daily mean value for NO 2 at two meters above street level was higher than 48 μg/m 3 were classified as polluted street segments. For both PM 10 and NO x the calculated concentrations at halfheight level in the street canyons were assigned to addresses situated closer than 40 meters from the polluted street segments. The NO x concentrations were also adjusted for the differences in the meteorological conditions between the years. However, no such adjustment was done for PM 10 , due to the lack of relevant data to adjust for road moisture, which has a major impact on PM 10 concentrations.
Short-term exposure assessment
Hourly mean values for PM 10 were measured on two streets in the Stockholm city center-at the rooftop of one building and at 3 meters above street level. Measurements were also Sera with an IgE value equal to or greater than 0.35 kU/L were regarded as positive.
Confounder testing
In addition to the chosen adjustment covariates (municipality, sex, age, height and heredity for asthma and/or allergy) the following potential confounders were evaluated: gestational age, birth weight, birth length, current passive smoking, maternal smoking during pregnancy or at birth of child, socioeconomic status of parents, possession of furred pets at birth and current, ethnicity, mold and moist in house during first year of life, year the house was built, but none of these were found to have any influence on the effect of air pollution. Further, we 28 Figure E1 . Timing of dispersion models used for air pollution exposure assessment in the BAMSE cohort. Figure E1 
